Objecti6es: The optimal technique of the Fontan operation remains disputable. This investigation was aimed at the comparison of atriopulmonary and total cavopulmonary anastomoses. Methods: The results of 81 operations of total cavopulmonary and 69 operations of atriopulmonary anastomosis, performed from 1983 to 1995 were analysed. A control study was carried out 1-10 (3.7+ 0.2) years after the operation in 80 patients (36 after total cavopulmonary and 44 after atriopulmonary anastomoses). 70 patients were studied several times. Cardiac catheterization was done in 70 patients. In 78 patients central hemodynamical indices were studied during exercise. Results: Preoperative hemodynamical indices were not reliably different in the two groups. Early mortality after total cavopulmonary anastomosis was 15%, after atriopulmonary anastomosis 23%. The highest mortality was seen when the criteria of Choussat et al. (Choussat et al. Pediatric Cardiology. Edinburgh: 1977:559 -566) were surpassed. In the early postoperative period after total cavopulmonary anastomosis circulatory insufficiency was less marked, transsudation from pleural cavities was reliably lower (15.3 +1.2 versus 25.5+1.8 ml/kg/day, PB 0.01). Arrhythmias were more common after total cavopulmonary anastomosis (18.5 versus 12%). Late mortality after total cavopulmonary anastomosis was 6%, after atriopulmonary anastomosis 12%. 82% of patients after atriopulmonary anastomosis and 81% after total cavopulmonary anastomosis were in NYHA classes 1 and 2. 7% of patients after total cavopulmonary anastomosis and 11% after atriopulmonary anastomosis were reoperated. Physical tolerance rose stepwise in both groups and by the third post-operative year reached 75% of normal level. At this time we saw the most optimal hemodynamical indices during exercise. However, the best hemodynamics during exercise were seen after atriopulmonary anastomosis. Conclusions: Total cavopulmonary anastomosis is accompanied by lower mortality rate and a more favourable course of early postoperative period. However, the best long-term functional results are obtained after atriopulmonary anastomosis. © 1997 Elsevier Science B.V.
Introduction
Since 1971, when Fontan and Baudet reported for the first time their new operation for hemodynamical correction of the tricuspid atresia [9] , multiple modifications of the Fontan operation have been elaborated [2, 3, 8, 16] . Among them different modifications of direct atriopulmonary anastomoses were the most widespread, however, with the accumulation of experience, it became evident that this modification is accompanied by certain side effects [6, [10] [11] [12] 18, 23, 25] . Further search for an optimal technique led to the necessity of 'bypassing' not only the right ventricle, but also the right atrium [7, 15, 21] and the operation received the title 'total cavopulmonary anastomosis'.
The aim of our work was to compare the efficacy of these two modifications of the Fontan operation based on the study of early and late results of the operations of total cavopulmonary and atriopulmonary anastomoses.
Material and methods
From April 1983 to June 1995 in the Department of Congenital Heart Diseases of the Scientific Centre of Cardiovascular Surgery 170 patients with complex congenital heart defects underwent Fontan operation. 81 patients underwent total cavopulmonary anastomosis, 69 direct atriopulmonary anastomosis and 20 other methods of Fontan procedure. The latter included 11 operations of atriopulmonary anastomosis with the preservation of the pulmonary valve. These operations had been performed only during the initial stage of our experience and had been accompanied by high early and late mortality. Five (45%) patients died in the early postoperative period after atrioventricular anastomosis and 4 (44%) after atriopulmonary anastomosis with the preservation of the pulmonary valve. Two patients in each group died in the late follow-up period. Thus, late mortality was 33% after atrioventricular anastomosis with the preservation of the pulmonary valve. As we were not satisfied with these results, we had to refuse the use of the mentioned techniques. As the number of patients operated according to these techniques is small, we can not compare them with the large series of patients with atriopulmonary and cavopulmonary anastomoses. In this article we present the analysis of the results of 81 operations of total cavopulmonary anastomosis (group 1) and 69 operations of direct atriopulmonary anastomosis (group 2). The diagnoses of the operated patients are listed in Table 1 . In most instances the Fontan operation was preceded by different surgical interventions (Table 2) . The diagnosis and surgical indications were determined on the base of general clinical investigations, cardiac catheterization and angiocardiography. Initial indices in the studied groups of patients were not reliably different. The age of patients in group 1 was 8.690.6 and 10.09 0.7 years in group 2 (P\0.05). The level of haemoglobin was 191.8 9 2.6 g/l and 190.992.9 g/l, respectively (P \ 0.05). Systemic arterial saturation was 78.7 90.7 and 77.9 9 0.9% (P\ 0.05). Mean pulmonary arterial pressure was 14.39 0.6 and 13.3 90.7 mmHg (P\0.05); total pulmonary resistance was 2.990.2 and 3.090.2 units (P \ 0.05). Left ventricular ejection fraction reached 58.5 9 1.2% in group 1 and 59.59 1.1% in group 2 (P \ 0.01). Among patients, who underwent the operation of total cavopulmonary anastomosis only 18 (22%) were 'ideal' candidates for this operation (according to Choussat's criteria) [5] . In the group of patients with direct atriopulmonary anastomosis only 17 (25%) were 'ideal' candidates. The operation of total cavopulmonary anastomosis included the creation of distal and proximal cavopulmonary anastomoses, the closure of the communication between the heart and the pulmonary artery and the creation of an intercaval tunnel. In 41 cases ASD was created or enlarged. The tunnel was formed with the use of a xenopericardial patch in 79 patients and with valveless Dacron conduit in 2 patients. In 17 cases a fenestration 3-4 mm in diameter was done in the patch. The operation was carried out under extracorporal circulation (duration 119.292.6 min), profound hypothermia (rectal temperature 22.2 9 0.2°C) and pharmaco-cold cardioplegia (time of aortic crossclamping 32.89 1.1 min). In 3 patients the intracardiac stage of the operation was carried out under arrested extracorporal circulation.
The operation of direct atriopulmonary anastomosis included the closure of interatrial communication, the closure of the venous AV orifice (in the presence of two AV valves), closure of the communication between the heart and the pulmonary artery and the creation of a right heart-pulmonary anastomosis with the use of a pericardial patch. The operation was performed under extracorporal circulation (115.1 92.9 min) and profound hypothermia (22.4 90.2°C). In 35 cases pharmaco-cold cardioplegia was used (time of aortic cross-clamping 59.3 92.8 min). In 34 cases the operations were carried out on the fibrillating heart. In all patients the course of the immediate postoperative period was studied.
The fate of all patients was followed in the late postoperative period. However, control investigation was carried out 1-10 years (3.790.2 years) after the operation in 80 patients (36 after total cavopulmonary and 44 after atriopulmonary anastomoses). 70 patients have been investigated more than once. No special selection of patients was used. Control investigation was carried out only in patients who had agreed to it. Initial indices in the studied groups of patients were not reliably different. Cardiac catheterization and angiography were carried out in 70 patients. In 78 cases dosed veloergometry test was performed. The indices of the pump and contractile heart functions (heart and stroke index, Q-Z interval) were studied with the use of impedance cardiography.
The results of the operation were evaluated based on the analysis of clinical and hemodynamical indices. We distinguished good, satisfactory and unsatisfactory results. Good results: the patient has no complaints, leads a normal life (NYHA class I), does not take drugs; there are no trouble with the intracardiac hemodynamics, mean pressure gradient between the right atrium (superior vena cava) and the pulmonary artery does not exceed 5 mmHg, mean pressure in the right atrium (superior vena cava) does not exceed 16 mmHg, total pulmonary resistance does not exceed 5.5 U; there are no technical errors in the operations, residual interatrial communications (after the operations without fenestration), divergence of the AV patch, etc; complications, such as subaortic stenosis, AV valvular insufficiency, large collateral vessels, etc. are absent. Satisfactory results: the patient has some complaints (dyspnea, palpitations, etc.), his physical tolerance is somewhat limited (NYHA class II), he takes glycosides and/or diuretics; troubles of intracardiac hemodynamics can occur, mean pressure in the right atrium (superior vena cava) is over 16 mmHg, mean pressure gradient between the right atrium (superior vena cava) and the pulmonary artery is over 5 mmHg, total pulmonary resistance is over 5.5 U; the above mentioned technical errors of the operation and postoperative complications can be seen. Unsatisfactory results: physical tolerance is markedly limited (NYHA class III-IV), large dosage of cardiac glycosides and/or diuretics are needed; the above mentioned hemodynamical troubles, postoperative complications and/or technical errors are seen.
Statistical analysis section: All the mean figures are expressed as the mean9 S.E.M. The paired Student's t-test was used to analyse the data; a probability value PB 0.05 was considered statistically significant.
Results
Early mortality after the operation of total cavopulmonary anastomosis was 15% (12 patients). In 9 cases the death was caused by acute heart failure. In 6 patients it resulted from technical errors of the operation (narrowing of the cavopulmonary anastomosis, trauma of the pulmonary and coronary arteries, fistula in the intercaval tunnel, non-corrected tricuspid insufficiency). In 3 cases acute heart failure was caused by exceeding the operability criteria. Two patients died from severe rhythm disturbances (paroxysmal supraventricular tachycardia), and 1 from haemorrhagic pancreonecrosis. One has to notice, that in this group of patients the lowest mortality (1/17, 6%) was achieved after total cavopulmonary anastomosis with fenestration, while only 2 of these patients were 'ideal' candidates for the Fontan operation.
Early mortality after direct atriopulmonary anastomosis was higher, 16 patients (23%). In 7 cases the death was caused by acute heart failure, which resulted in 4 patients from technical errors of the operation (coronary arteries trauma, conductive pathways trauma), as well as by residual interatrial communication. In the last case the patient died after reoperation for defect closure. In 3 patients acute heart failure was caused by exceeding the operability criteria. In 5 cases the cause of death consisted of acute respiratory insufficiency and in 4 of pulmonary artery thromboembolism. One has to notice, that among the last 9 patients only 3 were 'ideal' candidates for the Fontan operation.
One hundred and twenty two patients (69 after total cavopulmonary and 53 after atriopulmonary anastomoses) survived the operation. The early postoperative course of patients who had undergone atriopulmonary anastomosis was more difficult. Heart failure in them was more pronounced: patients needed larger doses of cardiotonics, transsudation from pleural cavities was reliably higher (25.59 1.8 ml/kg/day and 15.391.2 ml/kg/day, respectively, P B 0.01). Mechanical ventilation after atriopulmonary anastomosis also had to be carried out for a longer period of time (49.694.7 and 35.69 2.5 h, respectively, P B 0.01). One has to notice that patients after total cavopulmonary anastomosis with fenestration had the most favourable early postoperative course. They received the smallest dosages of cardiotonics, had the smallest transsudation from pleural cavities during the first 3-4 days after the operation (12.59 1.5 ml/kg/day) and needed the shortest period of mechanical ventilation (22.7 9 2.7 h). Stable hydro-or chylothorax in patients, who have been already transferred from the intensive care unit and 
Different reoperations were performed 3 months-8 years after the first operation in 5 (7%) patients after total cavopulmonary and in 6 (11%) patients after atriopulmonary anastomosis (Table 4 ). The majority of reoperations (9, 82%) were carried out during the first year after the Fontan operation.
Late arrhythmias were not a common complication and occurred only in 2/36 (6%) patients after total cavopulmonary (sinus bradycardia) and in 4/44 (9%) patients after atriopulmonary anastomosis. (In 3 cases there were atrial extrasystoles and in 1 nodal rhythm).
The indices of central hemodynamics, as determined by cardiac catheterization and angiocardiography, were not reliably different in both groups. Mean right atrial pressure in group 1 was 14.2 90.9 mmHg and 14.3 9 1.2 mmHg in group 2 (P\0.05); mean pulmonary arterial pressure was 14.09 0.9 mmHg and 13.99 1. We have noticed, that the left ventricular ejection fraction after the Fontan operations decreased reliably after total cavopulmonary anastomosis (from 57.391.7 to 49.39 1.5%, PB 0.01) as well as after atriopulmonary anastomosis (from 59.7 9 1.4 to 51.691.7%, PB 0.01).
necessitating multiple pleural punctions or insertion of a permanent catheter also was seen more often after atriopulmonary anastomosis (21 and 14.5% of cases, respectively).
Cardiac rhythm disturbances during the immediate postoperative period, however, were seen more often in patients after total cavopulmonary anastomosis: in 15/ 81 (18.5%) and 8/69 (12%) patients, respectively (Table  3) . Among patients with cavopulmonary anastomosis arrhythmias occurred more often after the procedures with fenestration, 5/17 (29%) cases. Complete AV block made it necessary to implant a permanent pacemaker in one patient after atriopulmonary anastomosis.
One patient with total cavopulmonary anastomosis was successfully reoperated for the suturing of a fistula in the intercaval tunnel 24 h after the completion of the main surgical procedure.
The follow-up for patients, who have suffered total cavopulmonary anastomosis, was shorter 1 -4 (2.0 9 0.1) versus 1-10 (4.19 0.3) years (P B 0.01). Late mortality after total cavopulmonary anastomosis was lower (6% and 9%, respectively). Four lethal outcomes after total cavopulmonary anastomoses were caused by progressive circulatory insufficiency, pulmonary arterial thromboembolism, pneumonia and in one case the cause of death was unknown. In one case the patient died after reoperation for atrioseptostomy (see below). All patients died during the first 6 months after the operation. All 5 lethal outcomes after the operation of atriopulmonary anastomosis were caused by progressive heart failure. In two cases the latter was manifested Dynamical follow-up of patients allowed us to study the adaptation of the cardiovascular system after total cavopulmonary and atriopulmonary anastomoses. Soon after the operation (up to 1.5 months) circulatory insufficiency was less pronounced after total cavopulmonary anastomosis. The veloergometry test with dosed physical load showed, that total physical tolerance was not reliably different in the studied groups and amounted to 30 -40% of the norm: 0.63 9 0.06 wt/kg after total cavopulmonary connection and 0.769 0.07 wt/kg after atriopulmonary connection (P \ 0.05). All hemodynamical indices at rest were decreased. During veloergometry testing the pump and contractile heart functions were already exhausted at 0.5 wt/kg load (25% of the norm).The patients after total cavopulmonary anastomosis had more adequate hemodynamical response to physical load.
One year after the operation the degree of circulatory insufficiency in both groups decreased and total physical tolerance increased reliably (up to 65% of the normal level, PB0.01) and reached 1.17 9 0.07 wt/kg after total cavopulmonary anastomosis and 1.25 90.05 wt/ kg after atriopulmonary anastomosis. Thus, physical tolerance in the studied groups was not reliably different (P \ 0.05). Hemodynamical response to the load became more adequate. Cardiac index increased up to 1.0 wt/kg at the expense of the increase of the stroke index up to 0.5 wt/kg and then only at the expense of increase of the cardiac rate. From the load level of 1.0 wt/kg (50% of the normal level) there was an exhaustion of the pump and contractile heart functions with revealing of the myocardial reserve. However, in this period patients after atriopulmonary anastomosis had better hemodynamical assurance of physical loads.
At 2 years after the operation total physical tolerance increased reliably as compared with the previous examination in patients with total cavopulmonary connection only and amounted to 1.379 0.06 wt/kg (P B0.01). However, the absolute value of physical capacity was not reliably different in the studied groups (1.3490.07 wt/kg in patients with atriopulmonary anastomosis, P\ 0.05). The tendency towards the improvement of the hemodynamical assurance of the physical loads persisted.
The most adequate hemodynamical response to the load was seen in both groups 3-4 years after the operation. The level of physical capacity didn't change as compared with the previous examination and was not reliably different in the studied groups: 1.3690.1 wt/kg in patients with total cavopulmonary connection and 1.379 0.06 after atriopulmonary connection (P\ 0.05). While at rest the indices of the pump and contractile heart functions remained decreased, during physical load we saw linear increase of the cardiac rate up to the maximal load of 1.5 wt/kg (75% of the normal level). We saw also an adequate increase of the stroke and cardiac indexes with preserved inotropic heart function. However, the most optimal hemodynamical assurance of the physical load was always seen in patients after atriopulmonary anastomosis.
Only the patients after atriopulmonary anastomosis have been investigated 5-10 years after the operation. We did not see significant changes of hemodynamical response to the physical load as compared with the previous follow-up. The level of total physical tolerance didn't change and reached 1.59 0.05 wt/kg. However, we saw some decrease of the pump and contractile heart functions without the signs of exhaustion with maximal load level of 1.5 wt/kg (75% of the normal level).
Analysis allowed us to characterise the results as follows. 'Good' results were achieved in 17 (47%) patients after total cavopulmonary and in 20 (46%) patients after atriopulmonary anastomosis. 'Satisfactory' results were achieved in 12 (33.5%) patients after total cavopulmonary and in 16 (36%) after atriopulmonary anastomosis. Finally, 'unsatisfactory' results were seen in 7 (19.5%) patients after total cavopulmonary and in 8 (18%) patients after atriopulmonary anastomosis. Thus, later results did not depend on the type of operation. For this reason we have studied the dependency of the operative results from the indices of cen-tral hemodynamics on the base of the analysis of a summary group, composed of patients having undergone both techniques (Table 5 ). Reliable differences are shown for most indices between the 'good' and 'satisfactory' and the 'good' and 'unsatisfactory' results.
Independently of the type of anastomosis we studied the relationship between the results of operation and the compatibility to the operability criteria (excluding the cases with fenestration); the best example of this relationship are the indices of early and late mortality (Fig. 1) . The indices of mean pulmonary arterial pressure, total pulmonary resistance and left ventricular ejection fraction were the most important.
Discussion
The pioneers of the technique of total cavopulmonary anastomosis believed that this technique would allow us to achieve lower early and late mortality, to decrease the incidence of arrhythmias and to assure better hemodynamical functional results.
The data concerning early mortality after the operation of total cavopulmonary anastomosis are contradictory. Balaji et al. [1] mention lower mortality after total cavopulmonary anastomosis as compared with atriopulmonary anastomosis (15 and 37.5%, respectively). However, the indices of mortality after atriopulmonary anastomosis stated by the authors, exceed the data of other investigators. Stein et al. [24] saw low mortality after total cavopulmonary anastomosis (2.6%), however, in their more recent study [19] these authors did not mention significant differences in the mortality indices (7.7% after total cavopulmonary anastomosis and 2.6% after other modifications of the Fontan operation). In our series early mortality after total cavopulmonary anastomosis was lower than after atriopulmonary anastomosis (15 versus 23%). However, the difference in the mortality level was achieved in its greater part due to the low mortality in the subgroup of patients who received total cavopulmonary anastomosis with fenestration. Apparently, the conformity to the operability criteria influences the mortality more than the choice of the technique for the Fontan operation.
We, like Stein et al. [24] , have also noticed less manifestation of circulatory insufficiency early after cavopulmonary anastomosis (especially in patients with fenestration). One of the explanations for greater liquid retention and transsudation from the pleural cavities after atriopulmonary anastomosis may be the influence of the natrium-uretic peptide which, according to Chiu et al. [4] , is produced in the right atrial appendage in greater amounts than in the intercaval sinus. In this period the decrease of the flow turbulence and energetic losses in the right atrial cavity also have a significant influence on hemodynamics and cardiac function. This is confirmed by our data obtained during veloergometry and showing better hemodynamical assurance of the physical tolerance early after the total cavopulmonary anastomosis. The absence of blood congestion in the right atrial cavity can also explain the fact that after total cavopulmonary anastomosis we did not see any early thromboembolic complications.
We did not see the awaited lower incidence of early arrhythmias after total cavopulmonary anastomosis. Moreover, arrhythmias after this operation were seen more often, than after atriopulmonary anastomosis (18.5 versus 12%). However, one has to notice, that in most instances arrhythmias had developed during the learning period of these methods, when the incision of the superior vena cava for the enlargement of proximal cavopulmonary anastomosis was done medially, which could lead to trauma of the conductive pathways. Later the anastomosis enlargement was done laterally. As to the spectrum of postoperative arrhythmias we, as well as other authors [13, 20] , have stated the prevalence of supraventricular arrhythmias.
Late mortality and the incidence of recurrent arrhythmias after the operation of total cavopulmonary anastomosis were lower and this is consistent with the published data [19] . One has to notice, that the followup for the patients after total cavopulmonary anastomosis was reliably lower, than after atriopulmonary anastomosis. However, this fact hardly can compromise the observed regularities, because as far as we know, lethal outcomes and serious complications occur mainly during the first post-operative year, when the mechanisms of adaptation of the cardiovascular system are not yet formed. Maybe, the conformity to the criteria of operability influences late results more significantly, than the chosen surgical technique.
Many authors describe significantly lower incidence of late arrhythmias after total cavopulmonary anastomosis. Kao et al. [14] describe 3 cases of successful transformation of the atriopulmonary anastomosis to the cavopulmonary one in severe atrial arrhythmias, accompanied by the formation of thrombi. In our series late arrhythmias were uncommon in both groups of patients (6% after total cavopulmonary and 9% after atriopulmonary anastomosis). However, we did not use 24 h ECG monitoring.
Hemodynamical indices at rest late after the operation were similar. We, as well as the majority of authors [18] , have stated the decrease of the left ventricular ejection fraction in most instances, as compared with the pre-operative level. We did not see lower values of the cardiac index after the operation of atriopulmonary anastomosis as compared with total cavopulmonary anastomosis, which had been described by some authors [17] .
The adaptation of the cardiovascular system to physical tolerance after the Fontan operations was studied in dynamics. The most adequate hemodynamical assurance of the load is achieved at 3 -4 years after the operation and total physical capacity by this time reaches 75% from the normal level. Total physical capacity at any period of our investigation was similar in both groups, which is consistent with Rosenthal's data [22] . However, hemodynamical response to the load at late follow-up after atriopulmonary anastomosis was better. Apparently the right atrial wall can become hypertrophied with the course of time and this positively influences the assurance of the cardiac output.
Thus, our results show that total cavopulmonary anastomosis (especially with fenestration) is accompanied by the lowest early mortality and by a far more favourable course of the early postoperative period than the atriopulmonary anastomosis. Late mortality and the incidence of reoperations are also lower after total cavopulmonary anastomosis. However, the best late functional results were seen after atriopulmonary anastomosis. The operability criteria has a great influence on the early and late results, but the number of patients who are in conformity with this criteria is rather small. All the above stated led us to the conclusion that total cavopulmonary anastomosis with fenestration is, apparently, the optimal method. However, final conclusions can be made only after more prolonged follow-up of this category of patients, further elaboration of indications for fenestration and the methods of the fenestrum closure.
